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Abstract 
In order to better understand the geochemical behavior of carbonate and siliciclastic materials that may host carbon 
dioxide in the subsurface, we carried out experiments using a dolostone from the Weyburn formation and an arkosic 
sandstone from the Newark Basin. Synthetic brine (0.7 m NaCl) saturated with CO2 with or without CH4 reacted with 
the powdered materials for 30 to 60 days at 100 bars pressure and 50 – 150 °C. The reactivity of the material was 
monitored by release of elements from the rock to solution over time. A subset of experiments were carried out in 
which an acidic heavy metals solution was injected into a Weyburn experiment in order to simulate the release of 
metals to solution through injection of CO2-saturated brines. The results show that the heavy metals do not stay in 
solution and rapidly decrease in concentration to pre-injection levels after a few days’ time. 
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1. Introduction 
Capture and storage of anthropogenic carbon dioxide in deep underground reservoirs is an attractive 
potential solution for mitigating the rise in concentration in the atmosphere. Natural accumulations of 
carbon dioxide in deep geologic formations have been documented [1] and serve as an analog for the 
proposed engineered strategy. These natural accumulations of carbon dioxide have been stable in the sub-
surface for millions of years and, if reactive sources of Ca and Mg are present, may result in formation of 
carbonate phases that immobilize carbon dioxide on the long term (sequestration). Attempts to replicate 
these natural systems and to understand the interaction of potential host rocks with carbon dioxide and 
carbon dioxide-saturated solutions have utilized both pilot injection wells (e.g., [2, 3]) and high-
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temperature and -pressure experiments (e.g., [4, 5]). Here, we report the results of experiments on the 
interaction of CO2-saturated brine (0.7 m NaCl) with carbonate and siliciclastic lithologies that represent 
formations under consideration for storage and sequestration. Our results indicate that carbonate 
(dolostone, in this case) is more reactive than siliciclastic materials (qtz+plag+kspar) such that the former 
is able to buffer changes to fluid chemistry more quickly than the latter. We also report the results of 
experiments on the potential release of toxic heavy metals (Cr, Ni, Pb, and Zn) caused by the interaction 
of low pH solutions with the rock, and their potential fate as the pH returns to near-neutral values over 
time. Collectively, these data can be used to evaluate the efficacy and safety of this strategy for storing 
and sequestering carbon dioxide. 
2. Materials and Methods 
2.1. Materials 
A representative sample of the Midale Marly section of the Paleozoic (Mississippian) Weyburn 
formation was selected for testing the geochemical behavior of carbonate lithologies. The Weyburn 
formation is located in the subsurface region of Saskatchewan, Canada, where injection of CO2 is being 
studied as a potential for enhancing the recovery of hydrocarbons [3]. It reportedly consists of mainly 
dolomite with minor calcium carbonate. The siliciclastic material selected for study was a core recovered 
from drilling in the Newark Basin, Northeast US. The Newark Basin sample (2-41R) is an arkosic 
sandstone (58% quartz, 13% alkali feldspar, 27% plagioclase and 1% each gypsum and calcite) recovered 
from a depth of 4,191 feet. Both samples were crushed in a ceramic crusher and sieved to achieve 
diameter between 249 and 150 μm (60 to 100 mesh). A multipoint BET analysis of the powders using 
nitrogen gas was used to determine the surface area of the two materials. 
2.2. Experimental Apparatus 
High-temperature and pressure experiments were carried out using the Dickson-style hydrothermal 
reaction vessels at Lawrence Berkeley National Laboratory. The heart of the system is the flexible gold 
“bag” (a 15 cm tall × 8 cm diameter cylinder with an open end) that houses the sample powders and 
aqueous solution. The open end of the cylinder is sealed by a titanium enclosure connected to a titanium 
sampling tube. The gold cylinder is encased within a stainless steel pressure vessel in which deionized 
water is the pressure medium. Periodic sampling of the solution within the gold cylinder at constant 
pressure can be accomplished through the sampling tube. As solution is withdrawn from the gold 
cylinder, the cylinder deforms. Solution passes through a ~10μ sintered titanium frit at the base of the 
tube that forms the closure to the cylinder and exits a titanium sampling valve external to the pressure 
vessel. Constant pressure is maintained by connection to an HPLC pump (ISCO). 
All experiments were held at 100 bars pressure. At this pressure, CO2 was added through a second 
HPLC pump. The pump barrel holding CO2 was chilled to a temperature of 12°C by a recirculating water 
chiller and water jacket. At this temperature and pressure, CO2 was added as a liquid and the volume 
added to the gold cylinder was tracked by a digital gauge on the HPLC pump. The volume of CO2 needed 
to saturate at the P-T conditions of the experiment were calculated based on the algorithm of Duan and 
Sun [6] and on the data tabulated in the NIST database [7]. In one experiment each with the Weyburn and 
Newark Basin material, we also added methane to the solution. The purpose of this addition was to drive 
the fO2 of the system to strongly reducing conditions, thereby replicating the likely geochemical 
conditions of the subsurface. Methane reacts with oxygen in the non-equilibrium “carburation” reaction: 
379 Jonathan P. Icenhower et al. /  Procedia Earth and Planetary Science  7 ( 2013 )  377 – 380 
CH4 + O2 => C + 2H2O  (1) 
A thermodynamic calculation at the CH4 fugacity employed shows that the log fO2 of the system will 
reach a value of -60. We first sparged the solution in methane gas for half an hour, loaded the solution 
into the gold cylinder, brought the system to 100 bars, and then added both CO2 and CH4. For all 
experiments, once the CO2 was loaded at pressure, we then brought the temperature to the value of 
interest. Experiments lasted from 30 to 60 days and temperatures varied between experiments from 50 to 
150°C. Table 1 lists the experimental conditions of the tests. 
Table 1. Summary of Experimental Parameters 
Experiment Temperature (°C) Pressure (bars) CO2 CH4 
Weyburn-2 150 100  Yes Yes 
Weyburn-3 63 100  No No 
Newark Basin-1 50 100  Yes No 
Newark Basin-2.1 150 100 Yes Yes 
 
An area of concern for carbon sequestration and storage is a scenario in which the injection of large 
amounts of carbon dioxide into a formation results in the mobilization of various heavy metals, including 
Cr, Ni, Pb and Zn. A subset of our experiments were designed to test the fate of these metals in a water-
rock system by first allowing an experiment to reach a steady-state condition, then inject an acidic 
solution containing Cr, Ni, Pb and Zn (500 ppb each) into the gold cylinder and then monitoring the 
concentrations of these elements over time as the solution pH neutralized due to rock-water interaction. 
Solution samples are drawn through a specialized mini-valve that accommodates a syringe via a Luer-
type connection. Major and trace element concentrations were determined in filtered solutions using ICP-
OES methods for Al, Ca, Mg, Fe, K, and Si and for Mn, Cr, Ni, Pb and Zn using ICP-MS methods. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Plot of K and Mg vs. time for the Newark Basin and Weyburn experiments (left and right, respectively) at 
150°C and 100 bars pressure, CO2-saturated. 
3. Results 
For both Weyburn and Newark Basin materials, an experiment at 150°C and 100 bars was undertaken 
and a typical element release profile for each are displayed in Figure 1 (K for Newark Basin and Mg for 
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Weyburn). Both profiles display a sharp increase in concentration with time, but the results for the 
Newark Basin show concentrations that increase steadily, whereas the concentrations of Mg reaches a 
constant level for the Weyburn sample. In the case of the Newark Basin sample, the release of K is due to 
the dissolution of alkali feldspar. In the Weyburn experiment, Mg increases due to dissolution of dolomite 
and then reaches a saturation value. An X-ray diffraction analysis of the run product did not reveal the 
presence of a new Mg-saturating phase, however.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Plots of the concentrations of Cr, Ni and Pb (ppb) vs. time for the Weyburn-2 experiment. After injecting the 
metals-laden solution, the concentrations of the elements sharply increase, then return to pre-injection concentrations. 
 
Results of the heavy metals injection into the Weyburn-3 experiment are illustrated in Figure 2. 
Concentrations of Cr, Ni, and Pb are all above detection in the solution before the injection of the metals-
laden solution at Day 28. Results for Zn are not shown. At the time of metal injection, concentrations of 
Cr, Ni, and Pb rise dramatically. Within a few days after the injection, however, the concentrations of 
these three metals are at values determined at the beginning of the experiment. Thus, these data can be 
interpreted to show that metals released by renewed pulses of CO2 injection have a very short lifetime in 
the solution. A preliminary analysis of the solution left over in the gold cylinder at the termination of the 
experiment indicates that the metals may be tied up in colloid materials.  
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